Abstract-Planetary gears (PGs) have been used in power-split hybrid and plug-in hybrid vehicles, sometimes with clutches to enable multimode operations. Chevrolet Volt is a well-known production vehicle using such technologies; it achieves excellent performance in both charge-depleting (CD) and charge-sustaining modes. In this paper, a detailed analysis of the General Motors (GM) Voltec powertrain used in the 2016 Chevrolet Volt (Volt Gen 2) is presented. We search through a large topological space, which includes a total of around 1 million design candidates to find different powertrain layouts that achieve the same or better acceleration and fuel economy in comparison with the benchmark: a simulated Volt Gen 2. The key technologies enabling such large-scale design exercise are discussed, and preliminary findings are reported. The case study results show that 49 designs achieve better charge-sustaining, CD, and launching performances than the benchmark, which clearly demonstrated the value of the proposed design methodology.
I. INTRODUCTION
T HE Corporate Average Fuel Economy (CAFÉ) standard is expected to rise to 54.5 mi/gal in 2025 [1], which is a very challenging target even when various offset credits are factored in. Hybrid and plug-in hybrid electric powertrain technologies are being actively pursued for wider deployment to meet the stringent CAFÉ requirement.
With the help of electric motor/generators (MGs), the engine can operate more efficiently than it could in conventional vehicles. Moreover, regenerative braking becomes possible, particularly in the urban environment. These capabilities are characteristic of all three types of hybrid vehicles, namely, series hybrid vehicles, parallel hybrid vehicles, and series-parallel (power-split) hybrid vehicles.
Power-split hybrid powertrains continue to be the most successful hybrid technology, occupying more than 90% of the strong hybrid vehicle sales in the USA in 2013 [2] . In recent years, two clear trends have been observed: i) deploying more than one planetary gear (PG) (e.g., Highlander Hybrid, Camry Hybrid, Prius, and Volt Gen 2) or equivalent designs (e.g., Lexus GS and Ford Fusion Hybrid) and ii) using clutches to enable multiple modes (e.g., Chevrolet Volt [3] , [4] ). Because these attributes provide freedom to choose from several modes, the drivability (e.g., launching performance) and fuel economy can be improved. Chevrolet Volt, first available in 2010, uses a single PG and three clutches to enable efficient operation in both charge-depletion and charge-sustaining conditions. Multimode is important for Volt because it is a plug-in hybrid vehicle. Starting in model year (MY) 2016, Chevrolet Volt will use a double-PG system with the same number of clutches and a fixed connection (between the two PGs). This is the benchmark system that will be analyzed in detail in this paper.
Multimode hybrid electric vehicles (HEVs) with single-PG systems have been systematically analyzed in our previous work; all 12 configurations with possible clutch locations have been studied [5] , [6] . For multi-PG multimode powertrain systems, although many multimode powertrain topologies have been patented [7] - [12] , compared with the size of the possible design space, the number of designs studied remains small. To systematically explore all possible multi-PG design candidates, first, it is necessary to establish a process to systematically search through all possible designs, and an automated modeling procedure [13] is needed, which will be briefly summarized in Section III. A screening study is then executed to identify designs with superior launching performance. In this paper, fast launching performance is the only criterion used in the screening process but other attributes can be added if so desired.
For the candidates passing the launching performance screening, fuel economy is selected as the main design objective to be optimized. The dynamic programming (DP) [5] , [14] , [15] or convex optimization [16] - [18] methods can be used to find the optimal fuel economy for different drive cycles. However, DP's computation time is too long to use when many design candidates are examined. In addition, the computation load of DP exponentially grows with the number of state and input variables. Therefore, DP is not a scalable computation method when a more detailed vehicle model is used. The convex optimization method can be fast, but it cannot easily address integer decisions such as mode selection and engagement of clutches. To overcome these drawbacks, a new nearoptimal energy management strategy named Power-weighted Efficiency Analysis for Rapid Sizing (PEARS) was developed, which produces results similar to DP but is about three to four orders of magnitude faster [6] . This PEARS method has been further enhanced to obtain the optimal mode shift schedule and subsequent design selection [19] .
This paper is organized as follows. In Section II, the Volt Gen 2 powertrain is analyzed and DP is used to formulate an optimal control problem. The design challenge of multimode HEVs is also discussed. In Section III, a systematic design procedure for multimode multi-PG system is presented. The automated modeling, launching performance screening, and fast near-optimal energy management strategy are introduced. In Section IV, the winning designs using the same powertrain components as Volt Gen 2 are found. We then identify potentially lower cost designs by using electric machines with lower power ratings. In addition, in Section V, our conclusions are presented.
II. VOLT GEN 2 POWERTRAIN AND THE PROBLEM STATEMENT
The PG system is a core part of most power-split vehicles currently on the market. It mechanically connects all powertrain components (the engine, MGs, and output shaft) together. For each PG, there is a ring gear, a sun gear, and a carrier with several pinion gears. To represent the two degrees of freedom (2DoF) dynamics of the PG system, a lever analogy was proposed [20] , as shown in Fig. 1 . The rotational speeds and accelerations of the three nodes (i.e., sun gear, ring gear, and carrier) in a PG system must satisfy the constraint shown in (1), where subscripts s, r, and c indicate the sun gear, the ring gear, and the carrier. S and R are the radii of the sun gear and the ring gear, respectively
(1)
A. Volt Powertrain Design
Chevrolet Volt MY 2011 (Volt Gen 1) is the first plug-in multimode HEV in mass production. The Volt Gen 1 powertrain uses a single PG, as shown in Fig. 2(a) . The three clutches enable four operating modes, as Table I shows.
Volt Gen 2 has a larger battery pack and a larger engine but two smaller MGs, as shown in Table II . It uses two PGs and a [21] ). It has high efficiency because there is less energy loss in the electrical power path. Mode 3 is an input-split mode with 2DoF. The efficiency is high due to the electric vehicle terminal (EVT) function, whereas the launching performance is adequate due to the direct drive of MG2. However, the speed range of MG2 limits its operation and efficiency when vehicle speed is high. Mode 4 is a compound-split mode, which can be used at a high vehicle speed while retaining the EVT function. Using a compound-split mode at high vehicle speed is a concept that was used in previous designs from GM [7] .
Assuming that minimum fuel consumption is the goal, an optimal control problem can be defined as in (2), in which the engine speed ω e , MG1 speed ω MG1 , MG2 speed ω MG2 , engine torque T e , MG1 torque T MG1 , MG2 torque T MG2 , and the operating mode determine the fuel consumption
In (2), L(ω e , ω MG1 , ω MG2 , T e , T MG1 , T MG2 ) is the rate of fuel consumption, and SOC is the battery state of charge. The available modes for Volt Gen 2 are {1, 2, 3, 4}. To solve this deterministic optimal control problem, here, DP is adopted, which has three states and three controls, as shown in Table IV . In addition to fuel consumption, in its cost function, mode shift penalties are added based on the components' speed difference to avoid frequent or harsh mode shifts, as in (3), shown below. It is shown in (3) that the mode shift penalty is evaluated based on the components' speed difference between the current mode and the next mode. With DP, the optimal fuel consumption and mode shift schedule subject to mode shift penalty will be calculated. Note that there is no hard constraint on the speed difference in the optimization procedure; mode shifts with large speed difference will not be selected by DP as they incur high cost
A control strategy for a production vehicle will pick up the mode and torque inputs according to vehicle operating conditions to optimize fuel economy and meet other requirements such as battery durability. For Volt Gen 2, while such a control strategy is most likely implemented in complex forms, including rules and exception handling, DP can serve as better benchmark for later computation results. Two drive cycles are selected, i.e., the Federal Urban Driving Schedule (FUDS) and the HighWay Fuel Economy Test (HWFET). The charge-sustaining fuel consumption results are shown in Table V , whereas the state and control trajectories are plotted in Figs. 3 and 4.
In this paper, all systems are simulated by MATLAB. It should be noted that the fuel consumption calculated by DP is higher than the number reported by GM because quasistatic models were used in our simulation and the DP is global optimal compared with the rule-based controller adopted in the Volt's Electric Control Unit (ECU).
In Figs. 3 and 4, it is shown that all four modes were used in the drive cycles: In addition to the EV mode, the input-split mode is the most used mode in low speed and the compoundsplit mode is the most frequently used mode in high speed. The parallel mode is also occasionally used (see the zoomed-in plot in Fig. 5 ), with the input-split mode acting as a transient mode to launch the engine.
Although DP provides the global optimal solution, the computation is extremely time consuming. For example, it takes four days and 300 GB of hard drive space for one FUDS cycle. 
B. Large Design Space of PG Systems With Clutches
Despite the significant improvement from Volt Gen 1 to Volt Gen 2, one cannot help asking some fundamental questions: Is Volt Gen 2 the best possible design? Are there any other designs that may achieve equal or better performance? If so, how are they systematically identified, including the selection of configuration (how the powertrain devices are connected to the PGs), the location of the clutches, and the permanent connection between the PGs and the operating mode selection? In addition to Volt Gen 2, many of today's popular powersplit hybrid vehicles use two MGs, one engine, and one output shaft (i.e., there are four "powertrain components"). Assuming no component collocation, the number of different configurations n config_total and the maximum number of clutches n clutch_total can be calculated from (4) and (5), shown below, where C k 3n stands for the number of all combinations with k elements out of the pool with 3n elements, and n is the number of PGs
The first term in (5) is the number of clutches that can be added between any pair of nodes, whereas the second term represents the number of possible grounding clutches. The third term is the number of redundant clutches that can be eliminated from the system: For each PG, locking any two nodes makes all three nodes rotate at the same speed. In addition, the grounding clutch for the vehicle output shaft is meaningless during driving, as shown by the last term of (5). When two PGs are used, up to 16 clutches can be added, as shown in Fig. 6 . The eliminated clutches are shown in red (assuming that the vehicle is connected to the second ring gear).
The design space is enormous if all the possibilities are explored. If we consider only the cases in which the engine and output shaft are on different PGs and each is complemented by an MG (inspired by Prius and Volt Gen 2), there are 144 configurations [a reduction from 360, which can be calculated from (2)]. If the number of PG connections is limited to three clutches and one fixed connection (the same as Volt Gen 2), there are 7280 different designs for each configuration. Therefore, the total number of design candidates (144 × 7280) is more than one million. In this paper, we will propose a systematic design methodology to identify superior designs from this design space and show that good designs can be found.
III. SYSTEMATIC DESIGN METHODOLOGY
To examine all design candidates, an automated and systematic design methodology has been proposed. This proposed methodology consists of three steps, as shown in Fig. 7 .
A. Automated Modeling and Mode Screening/Classification
Rules for modeling PG dynamics were proposed in [22] . The basic rules were extended to multiple PG systems with clutches and multiple modes in [19] . The flowchart of the automated modeling process is shown in Fig. 8 , where it is divided into two parts, i.e., automated modeling and mode screening/classification.
In the automated modeling step, models for all possible modes (i.e., a given configuration and location of engaged clutches) are generated. The configuration matrix A 0 is first built based on the configuration of the system. The transformation matrix M is then constructed according to clutch engagement. The dynamics of the mode are then described by (6) , shown below, where T is the "generalized" torque andΩ is the "generalized" angular acceleration, and more details can be found in the Appendix:
In the mode screening/classification step, the A matrix is inverted to obtain the dynamic equations that relate inputs to state derivatives. For a controllable powertrain (i.e., the speed of all PG nodes can be controlled), the A matrix is always invertible. In the meantime, not all elements of the A −1 matrix are useful. The useful part of A −1 is extracted to obtain the final 4 × 4 matrix A * , as in (7), shown below. The extraction procedure is shown in [19] ⎡
Once the state-space model for a mode is obtained, we need to examine whether the mode is feasible. A mode is said to be infeasible if the vehicle cannot be powered by any powertrain component, i.e., all elements of the first row of the A * matrix are zero. Modes with the same A * matrix are said to be identical modes.
All feasible modes from all designs are classified into 14 mode types according to topology, as shown in Fig. 9 , and the classification criteria are presented in Table VI . These are all the possible mode types when one engine, one output shaft, and two MGs are used, regardless of the number of PGs and clutches. DoF is the rank of the A * matrix, and C veh , C eng , C MG1 , and C MG2 are the elements of the first row of the A * matrix. Each row of the A * matrix is defined as V veh , V eng , V MG1 , and V MG2 , and six auxiliary matrices are defined for their rank analysis:
The ranks of these matrices are denoted as r VE , r VMG1 , r VMG2 , r EMG1 , r EMG2 , and r MG1MG2 .
B. Launching Performance Screening
With the models of all possible modes constructed, it is ready for performance screening to reduce the candidate pool size. The main purpose of this step is to impose "beyond fuel economy" requirements so that the resulting designs are well balanced. In addition, this step can ensure that the number of designs that are examined is reasonably small (it should be agreed that 1 million is too many). Adequate 0-to 60-mi/h launching performance is important to ensure that the vehicle is "drivable" and has acceptable grade climbing capability. For simplification, in this paper, only 0-to 60-mi/h time is used for performance screening. Other performance requirements that could be used include four-wheel drive using the engine to drive the vehicle in reverse and some other required features.
For conventional vehicles, finding the best 0-to 60-mi/h strategy is simple: set wide open throttle and apply the best gear for maximum output torque. For parallel HEVs, the same strategy applies: Maximize the motor torque plus the engine torque, and use the best gear. For power-split HEVs and multimode HEVs, however, finding the optimal strategy is not trivial because the engine speed is not proportional to the vehicle speed and multiple modes can be used. In theory, DP can be used directly to determine the powertrain component output torque and mode selection, as its state and control variables presented in Table VII . The stage of this direct DP problem is the vehicle speed, and the acceleration time duration T i at each vehicle speed subinterval is calculated as the instantaneous cost at each stage; β i are factors to penalize mode shift based on components' speed difference. The objective is to minimize the total time cost during the acceleration subject to the constraints on the powertrain components, as shown in
The whole process of this direct DP takes about 0.5 h to solve the optimal acceleration problem for a four-mode vehicle design, which is not feasible to be applied to design candidates in a large scale. Therefore, in this paper, a fast acceleration evaluation (FAE) algorithm is proposed, and the optimal mode shift along with mode shift feasibility check during acceleration is executed by low-dimensional DP. The flowchart of the FAE algorithm is shown in Fig. 10 .
In the first step, the total vehicle speed range of [0, 60] mi/h is divided into 30 subintervals with 2-mi/h increment. In each subinterval, the vehicle speed is assumed to be at the mean value of the interval In the second step, the best acceleration of each mode in each vehicle speed subinterval is calculated. For modes with one DoF, maximum component torque is used to achieve the best acceleration. Modes with 2DoF can be categorized into EV modes and HEV (engine-on) modes. For EV modes with two DoF, the torque of MG1 and MG2 must be selected to balance the PG lever, and there is one DoF in choosing the component speeds. For HEV modes with two DoF, the engine acceleration is ignored but the engine speed, torque, and MGs' torque can be chosen freely. The combination that achieves the highest vehicle acceleration is identified as optimal, as shown in (9) . Fig. 11 shows an example contour plot of possible vehicle acceleration for a 2DoF mode. We examine all modes of each design to select the best mode to use for 0-to 60-mi/h acceleration.
After the best operation for each mode at each vehicle speed interval is calculated, DP is used to decide the optimal mode shift schedule. The cost function is the same, as (8) shows.
Since only Mode 1 will be used during the acceleration evaluation in Volt Gen 2 by both DP and FAE, here, another four-mode design, Prius 2010 ++ [13] , is chosen as an example to demonstrate these two methods. It should be noted that 0-to 75-mi/h acceleration performance is shown in Table VIII since,   TABLE VIII  ACCELERATION PERFORMANCE OF PRIUS 2010++ in 0-to 60-mi/h acceleration, no mode shift happens due to the mode shift cost. The trajectories generated by direct DP and FAE are shown in Fig. 12 .
It is shown in the results that the FAE method can achieve the same acceleration performance compared with that of the benchmark direct DP method but is about 95 000 times faster. Due to the simplification of the FAE method, mode shift transient behavior such as torque change of the MG1 cannot be addressed. However, the FAE method leads to similar trajectories for mode shift schedule, engine speed, and torque, etc. Therefore, the proposed FAE will be used to analyze the acceleration performance of all design candidates in the pool.
At the end of the acceleration performance screening procedure, we further screen out the designs that are redundant, i.e., designs with the same modes as another design or a subset of another design. Redundant designs are eliminated and only the surviving designs are advanced in the next step. With this process, typically, the design space can be reduced by 98% or more.
C. Optimal Designs Using the PEARS + Method
An optimal energy management strategy is used to find the best achievable fuel economy of each surviving design. Since DP is an expensive choice to calculate the optimal energy management strategy, the PEARS method was developed as a near-optimal energy management strategy for fast sizing and design, and it was found to be around 10 000 times faster than traditional DP [6] . The original methodology shown in [6] , however, did not consider mode shift feasibility. In [19] , lowdimensional DP is applied to determine the mode shift, and other controls are determined by the PEARS algorithm. This new algorithm is referred as the PEARS + . The process of the PEARS + method is shown in Fig. 13 , and the three steps are described subsequently.
Step 1-Target Cycle Discretization: The target drive cycle is discretized into a 2-D table with vehicle speed and torque demand as the independent variables. The table entries represent the probability density of the cells. The cells are referred as the speed and torque cell (STC) in the subsequent discussion.
Step 2-PE Analysis: The power-weighted efficiency (PE) for every mode in each STC is examined. The 14 types of modes are separated into two categories depending on whether the engine is running or not, i.e., EV modes and hybrid modes (where the engine-only operation is treated as a special case of hybrid modes).
Step 2.1-Analysis of EV Modes: The efficiency of the EV modes is described by (10) , where P loss EV includes both battery loss and electric drive loss, and P in EV refers to the power flowing into the system. In the driving scenario, P in EV is the battery power. In the braking case, this expression is the regenerative braking power. For modes with one DoF, all possible torque combinations (T MG1 , T MG2 ) are compared and the best efficiency is recorded. For modes with 2DoF, all speed combinations (ω MG1 , ω MG2 ) are also examined. The highest possible efficiency of each mode is calculated from (11) . The control with the highest efficiency is then selected for each mode in each STC. Meanwhile, the corresponding battery energy consumption is recorded
Step 2.2-Analysis of HEV Modes: There are two possible power sources for hybrid modes, i.e., the engine and the battery. The power flow can be divided into four parts, as shown in Table IX , where P e_1 + P e_2 + P e_3 is the total engine power. P batt is the battery power. Fig. 14 describes the power flow paths where μ is a flag for battery assist. The PE is calculated in (12) , shown below, where P fuel is the rate of fuel energy injected; subscripts G and M denote generator (when the power is negative) and motor (when the power is positive or zero). η e_ max , η G_ max , and η M_ max are the highest efficiency of the engine, the generator, and the motor, respectively.
As in the EV cases, all STC cells in the HEV modes are examined. The control with the highest efficiency is selected, as shown in (13), shown below, and the corresponding battery energy and fuel consumption are recorded
Step 3-Calculation of Fuel Consumption: With the optimal control for each mode at each STC identified, the optimal mode shift schedule is solved by DP. The cost function consists of same parts as the traditional DP described by (3), which is to minimize the fuel consumption while controlling the mode shift to be reasonable and keeping the final SOC close to the desired value.
IV. CASE STUDY
Here, the fuel economy and 0-to 60-mi/h acceleration performance of Volt Gen 2 are calculated and used as the benchmark. We then aim to find alternative powertrain designs with the same powertrain components using the process described in the previous sections.
A. Volt Gen 2 Benchmark Calculation
As stated previously in Section III, during the 0-to 60-mi/h acceleration, only Mode 1 (with two MGs) is selected by the DP solution, which achieves an acceleration time of 7.4 s.
Although the fuel economy of Volt Gen 2 is calculated by DP in Section II, here, for validation purposes and fair comparison with the other design candidates, the PEARS + method is applied to calculate the near-optimal fuel economy, with FUDS and HWFET chosen as two cycles to measure city and highway performances, respectively. The comparison of the results is shown in Table X . It is shown in Table X that the PEARS + achieves fuel economy similar to that of DP. On the other hand, the calculation time of the PEARS + is more than 10 000 times faster. In addition, as shown in Fig. 15 , the state and control trajectories of the PEARS + are similar to the DP results shown in Section II. This comparison confirms that PEARS + is a viable method for conducting the large-scale design search described subsequently.
B. Optimal Designs With Double-PG Systems
As discussed in Section III, the total number of design candidates studied in this paper is 144 × 7280 = 1 048 320. By requiring that the designs must achieve 0-to 60-mi/h time that is the same as or better than Volt Gen 2, the design space with a size of over one million is narrowed down to a design space with 1951 design candidates after the performance screening. The PEARS + method is then applied to all 1951 designs to compute the optimal fuel consumption for both FUDS and HWFET cycles. The weighted average (55/45) [23] is then used to represent the combined fuel consumption of the designs.
As shown in Fig. 16 , a total of 56 designs achieve better fuel economy and launching performance than the benchmark. The improvement on fuel economy is very limited (less than 1%), whereas the launching performance can be significantly improved (by almost 2 s) with the same powertrain components.
We further evaluated the charge-depleting (CD) performance of both HWFET and FUDS driving cycles for the 56 superior designs and found that 49 of them have better weighted miles per gallon of gasoline, as shown in Fig. 17 .
Cost is a key factor for the success of hybrid vehicles. If smaller MGs are used, there are trickle-down effects on other components such as the power electronics and cooling system. Therefore, those 49 winning designs are further tested with the MG1 and MG2 downsized by 10% and 20%, respectively. The results show that 20 out of 49 designs achieve better performance in launching performance and fuel economy and in both CD and charge-sustaining scenarios. We summarize all 49 designs in Fig. 18 with the 20 "better even downsized" designs highlighted.
It should be pointed out that component sizing has not been considered in this paper. One could certainly repeat the design exercise and study improved designs using varied ring gear/sun gear ratios, final drive ratios, etc., in addition to the crude and preliminary effort in finding "better" motor sizes that are presented here. The preferred modes and winning designs are likely to change when the design sizing space is included. Therefore, we do not intend to convey that identification of the designs shown in Fig. 18 is the key finding of this paper. Rather, the systematic and exhaustive search process shown in this paper is the key intellectual contribution of this study.
V. CONCLUSION
In this paper, the powertrain used in the Chevrolet Volt Gen 2 has been analyzed. A systematic design methodology is then presented that enables the exhaustive search of alternative designs, which achieves better launching performance and fuel economy. This design process contains three critical steps, namely, automated modeling, launching performance screening, and optimal fuel economy computation. In the automated modeling step, the dynamic models of all possible designs are generated. In the launching screening step, designs with inadequate 0-to 60-mi/h acceleration are screened out. Finally, the optimal control is calculated by a new energy management method, which is PEARS + . The proposed design procedure was applied for a case study of the MY 2016 Chevrolet Volt. The same powertrain components are used, and we searched through more than one million alternative designs. Furthermore, 49 designs are found that achieve better fuel economy and better launching performance than the simulated Chevrolet Volt Gen 2 using identical engine and electric machines in both the CD and charge-sustaining modes. In addition, when we chose to downsize the MGs by 10% and 20%, respectively, 20 of the 49 designs still outperform the benchmark. The optimal designs may vary with powertrain parameters and component sizes, and thus, the key contribution of this paper is neither the identified winning designs nor the comparison between the performance of multimode HEVs with Volt Gen 2, but rather the systematic design methodology.
